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Abstract
To recover the power from the cabin’s exhaust, two schemes are proposed and the thermodynamic parameters and the 
components’ performance of the two schemes are analysed in this study. Based on the take-off gross weight method, the 
differences among the two proposed schemes and the state-of-the-art scheme are compared. Results show that compared to the 
value of state-of-the-art scheme, the fuel penalty loss of scheme ĉadds 24.4kg and that of scheme II increases 29.1kg. In 
consideration of the compression ratio of the electrical driven compressor, that for scheme ĉis 1.13 and for scheme Ċ is 2.24. 
With respect to the value of the state-of-the-art scheme of 2.8, there are about 60% and 21% reduction respectively in the two 
newly-proposed schemes. Obviously, the two proposed schemes can significantly improve the fresh air pressure and reduce the 
demand for the performance of the electrical driven compressor, which will be more suitable for the development of the electrical 
environmental control system.
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Nomenclature
cp,g specific heat capacity, J/(kg·K)
Ce specific fuel consumption, kg/(N·h)
D drag (positive value) or thrust (negative value), N
g gravity acceleration, m/s2
G mass flow rate of air, kg/s
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H cruising height, m
Hu calorific value of fuel, kJ/kg
k isentropic index
K lift to drag ratio
Ma Mach number
mf,D fuel penalty loss caused by aerodynamic drag, kg
mf,P fuel penalty loss caused by power consumption, kg
Pm power of motor, kW
Pt power of turbine, kW
P pressure, kPa
qm,f,P fuel consumption caused by power consumption, kg
R gas constant, J/(kg·K)
T temperature, K
v velocity, m/s
Ĳ0 flight duration, h
İc coefficient of fuel combustion
ʌc pressure ratio of compressor
ʌt expansion ratio of turbine
ʌe pressure ratio of mixer fluid outlet pressure to working fluid inlet pressure
ȟ temperature ratio of turbine inlet temperature to compressor inlet temperature
Subscripts
a ambient
0 static ambient
1 electrical driven compressor inlet
2 ECS inlet
3 cabin outlet
4 aircraft outlet
1. Introduction
Generally speaking, commercial airliner cruises at an altitude of 10km, where pressure is about 26.5kPa and 
temperature is about 223.3K. In order to meet the needs of human health and comfort, environmental control system 
(ECS) is used to maintain appropriate cabin pressure, temperature and humidity. According to the provisions of 
CCAR [1], pressurized cabin must provide a cabin pressure altitude of no more than 2438m at the limited altitude of 
the airplane. Therefore, the big difference between inside and outside cabin pressure consumes a lot of energy to 
make the air come into the cabin. Nowadays, most civil aircrafts use engine bleed air as energy source to run the 
ECS [2], such as Boeing airliners B747~B767 and Airbus airliners A330~A380 [3,4,5,6]. Since then, bleed air is 
introduced to ECS and cooled/depressurized before fed to the cabin. Generally, some of the air is usually re-
circulated through the system, while the remainder is dumped overboard [7].
In a conventional aircraft, fuel is converted into power by engines. Most of this power is used as propulsive 
power to run the aircraft, and the majority of the remainder is used to drive ECS [8]. As the engine is considered as a 
highly optimised gas generator, there are penalties in extracting bleed air which are disproportionate when compared 
to the power being extracted. Typically, the ratio of engine power for driving ECS to aircraft heat load is 10:1. 
Considering the abolition of bleed air, electrical driven compressors must be used as a source of air for ECS [9]. 
Boeing 787 airliner adopts the electrical-driven compressor to substitute the bleed air from engine, of which the ECS 
herein is also called electrical-driven environmental control system (EECS). On one hand, no-bleed from engine
allows its energy to produce thrust. On the other hand, the variable frequency adjustable speed motor makes the 
energy usage more optimization. EECS is different from the conventional bleed-air ECS which requires high 
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temperature/pressure air from the bleed to cool/depressurize it and leads to a large amount of energy losses [10].
However, it still faces the challenge of the generators with high electrical power consumption [2] and needs further
development on energy saving.
Traditionally, the discharged air is dumped directly into the ambient, and it is likely to generate a thrust [11]. 
Since EECS has eliminated the influence on engine thrust, more attention should be paid to recover energy from 
exhaust air to reduce the aircraft power supply. As for exhaust air energy recovery, Bernard proposed an idea to 
drive ECS only using exhaust air when less demand is needed on cabin pressurization in the early years [12]. When 
ECS has been developed to four-wheel air cycle system (ACS) with high-pressure water separation [13], Zywiak put 
forward a method using the exhaust firstly as the heat sink of the re-heater and condenser, and secondly recycling 
energy with a turbine in the four-wheel ACS [14]. Nowadays the ECS is driven by the electrical power, for which it 
is more important to recycle energy in exhaust air. To this end, we propose two schemes to recover power from the 
exhaust for EECS, and analyse its influence on aircraft performance, aiming at a more suitable scheme for the 
application in the more electric aircraft (MEA) design.
2. Methods
2.1. Design
Airflow in B787 EECS is shown in Figure1, herein, it is also called the state-of-the-art scheme or the B787 
scheme. Fresh air from the ambient at low temperature and pressure enters the electrical driven compressor to be
compressed (process1-2). The outflow of compressor comes into ECS, wherein the air is adjusted to an appropriate 
pressure and temperature. After that the gas mixes with the recirculated air before ventilated into cabin. The cabin 
exhaust air is divided into two parts, 50% of the exhaust is used as recirculated air, and the rest is discharged into 
atmosphere though outflow valve (process3-4).
Fig. 1. Airflow in B787.
Figure2 shows schematic diagram of the proposed schemeĉ. Firstly, fresh air from the ambient is compressed in 
the compressor (process0-1), which is driven by a turbocharger’s turbine to increase its temperature and pressure, 
and then introduced to the electrical compressor to be pressurized again (process1-2) before flows to ECS. Secondly, 
the mixer gas of fresh air and recirculated air are ducted to cabin, and the discharged air expands in the 
turbocharger’s turbine (process3-4). Compared to the state-of-the-art scheme of B787, the scheme uses a 
turbocharger to figure out energy recovery and to ease the demand for power input in fresh air pressurization.
The proposed scheme II is shown in Figure3. Herein, part of the exhaust air (such as the recirculated air in the 
state-of-the-art scheme) is used as the ejector gas supply to improve the pressure of the fresh air from the ambient 
(process 0-1), and the other part of the exhaust air is discharged to the environment.
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Fig. 2. Flow diagram for scheme ĉ.
Fig. 3. Flow diagram for scheme Ċ.
2.2. Performance analysis
Take-off gross weight method is used to compare the performance penalty among two proposed schemes and the 
state-of-the-art scheme. Fuel penalty loss of overcoming aerodynamic drag and extracting shaft power from engine 
can be defined as follows [15].
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The following assumptions are made: (1) the thermodynamic process of electrical driven compressor and 
turbocharger are isentropic and adiabatic; (2) the mechanical efficiency between turbine and compressor is set to 
100%.
The performance estimation of ejector refers to the experimental results [16], and the thrust generated by the 
discharged air can be described:
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3. Results
Take B787 on China Southern Airlines’ Guangzhou-Beijing route as the case. It features a classic three cabin 
layout with 228 seating, a cabin altitude of 1828m, and a 3.25h flight time. Data comes from Boeing and China 
Southern Airlines official website [17,18]. The calculation conditions and aircraft parameters are shown in table 1, 
and atmospheric parameters refer to the hot atmosphere data in MIL-STD-210 [19]. The fresh air mass flow rate 
refers to CCAR-25-R4, which specifies that each passenger and crew compartment must have enough fresh air but 
no less than 250 g/min [1]. We keep the boundary conditions of all schemes analyzed in this study exactly the same 
value, including the thermal parameters of fresh air and exhaust air, and the pressure of ECS inlet as well.
                        Table 1. Calculation condition and aircraft performance parameters.
Parameter Value
H 10000
v Ma=0.85(251m/s)
Pa 26.5
Ta 248.2
P0 42.5
T0 284.0
P3 82.0
T3 308.0
P2 120.0
G0 0.95
Engine performance parameters are required in schemes’ penalty analysis. Table2 shows the parameters of GEnx 
engine for B787. Data refers to Chen [20] and Zhang [21].
Table 2. Performance parameters of GEnx.
ʌc K Ce Hu İc ȟ cp,g
23 20.8 0.052 43000 0.98 3 1130
Based on the enthalpy method [22], thermal parameters of key points in the three schemes are calculated and 
shown in table 3. Though temperatures of point 2 are different, the impact of the differences on ECS is small enough 
to be ignored. 
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Table 3. Thermal Parameters of Key Points.
B787 Scheme ĉ Scheme II
P T P T P T
0 42.5 284.0 42.5 284.0 42.5 284.0
1 42.5 284.0 106.1 369.0 53.6 296.0
2 120.0 382.1 120.0 382.2 120.0 372.8
3 82.0 308.0 82.0 308.0 82.0 308.0
4 26.5 223.0 26.5 223.0 26.5 223.0
The component performance of three schemes can also be achieved, as shown in tables4-6. For the state-of-the-
art scheme for B787, only one stage pressurization from electrical driven compressor exists, and thus the 
compression ratio is up to 2.82. However, compared to the state-of-the-art scheme for B787, the compression ratios 
of the electrical driven compressor in the two proposed schemes respectively fall to 1.13 and 2.24, about 60% and 
21% reduction of the compression ratio. These results contribute to the pre-pressurization conducted by the 
compressor of turbocharger in scheme ĉ and the ejecting process in scheme II.
                           Table 4. Component performance of state-of-the-art scheme for B787
Component parameter
Electrical driven 
compressor
ʌc 2.82
Pm 93.6
Discharged air D -392.64
Note: The minus for D means a thrust force.
                             Table 5. Component performance of schemeĉ
Component parameter
Electrical driven 
compressor
ʌc 2.82
Pm 93.6
Discharged air D -392.64
Turbocharger
ʌt 3.09
Pt 81.1
ʌc 2.50
                           Table 6. Component performance of scheme II
Component parameter
Electrical driven 
compressor
ʌc 2.24
Pm 146.5
Discharged air D -392.6
Ejector ʌe 1.26
Note: The minus for D means a thrust force.
Table7 shows the results of the performance penalty analysis. In B787 scheme, the fuel penalty loss of thrust 
generated by discharged air is -69.1kg, and the fuel penalty loss of the power for the electrical driven compressor is 
51.6kg. By totalling the two items, the total fuel penalty loss for B787 scheme is -17.5kg. The fuel penalty loss of 
the power consumed in schemeĉis 6.9kg, which means the total fuel penalty is 6.9kg. Since the fuel penalty loss of 
thrust generated in scheme II is -69.1kg and the penalty loss of the extracted power is 80.7kg, the total fuel penalty 
loss for scheme II is calculated as 11.6kg. Therefore, taking the value of B787 scheme as the benchmark, the total 
penalty losses of schemeĉand scheme II increase 24.4kg and 29.1kg, respectively.
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            Table 7. Fuel penalty loss results
B787 Scheme ĉ Scheme II
mf,D, kg -69.1 None -69.1
+80.7mf,P, kg +51.6 +6.9
Total penalty, kg -17.5 +6.9 +11.6
Note: The minus means a decrease, plus means an increase.
4. Discussion
As can be seen from the above results, the two proposed schemes can utilize exhaust air energy effectively, but it 
might be more worthful to transform exhaust air to propulsion in terms of penalty analysis. In order to illustrate the 
significance of this study, we will discuss this problem in two aspects.
Firstly, what do we need? Since B787 scheme has eliminated its effect on engine propulsions, generating thrust is 
no longer important. With the development of MEA, an electrical driven compressor is the only way to realize 
EECS, and the demand for its ability is increasingly high. Two proposed schemes make respective reductions by 
60% and 21% on the pressure ratio of electrical driven compressor. On one hand, this improvement reduces the 
electrical driven compressor design difficulty. On the other hand, it increases the redundancy for ECS design and 
regulation.
Secondly, what do we ignore? This study just calculates fuel penalty of thrust and extracted power, however the
penalty caused by its own weight is not taken into account. In fact, schemeĉadds a turbocharger and eliminates the 
nozzle; Scheme II adds an ejector and eliminates the mixer. The influence on weight caused by design requires 
careful calculation in further research. In brief, the proposed schemes offer a novel way for energy-saving system 
design.
5. Conclusions
This study put forward two schemes to recover power from the exhaust. The scheme ĉuses a turbocharger to 
recover energy from cabin discharged air, translate the internal energy into mechanical energy, and pre-supercharge 
the fresh air before it enters the electrical driven compressor; The scheme II uses an ejector to improve the pressure 
of the fresh air. Quantitative analysis shows that although the fuel penalty losses for B787 scheme, schemeĉ, and 
scheme II are -17.5kg, 6.9kg and 11.6kg, respectively; the pressure ratios of the electrical driven compressor for 
B787 scheme, scheme ĉ, and scheme II are 2.82, 1.13, and 2.24, respectively. In brief, both the two proposed 
schemes can effectively utilize exhaust energy and reduce the design difficulty of electrical driven compressor, 
which can provide technical supports for the development of environmental control system and give guidance in the 
design for more electric aircrafts.
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